The underlying mechanisms responsible for chronic and progressive neurological damage after traumatic brain injury (TBI) are poorly understood, and therefore, current treatment options are limited. Proteomics is an emerging methodology to study changes to the TBI proteome in both patients and experimental models.
INTRODUCTION
Current treatment approaches for traumatic brain injury (TBI) patients are limited and the long-term prognosis of those with severe or recurrent injury remains poor. Advances in medical management have been slowed by limited understanding of the underlying pathophysiology. However, one of the very real challenges in TBI research is the heterogeneity of the initial injury which is reflected in the wide array of experimental models currently in use, from in-vitro cell and in-vivo animal models to studies on humans with variable types of injuries and often unknown prior history of injury. Proteomics approaches can reveal changes in protein levels between control and experimental samples which can be used to identify biomarkers as well as reveal potential pathways of tissue damage. Such approaches can be applied to bodily fluids including blood and cerebrospinal fluid (CSF) as well as cultured cells, intact tissues, and most recently exosomes. Although highly complex and technical, there are a common set of steps used in mass spectrometry-based proteomics and we will first provide a brief overview of the essential methods. We will then review a series of articles published between 2017 and 2018, in which these methods have been applied to study different questions in TBI (Table 1) . Furthermore, a list of biological process gene ontology terms as well as critical proteins found in each reviewed study is listed in Table 2 . Because of the highly diverse experimental models reviewed, it is not yet possible to compare each study with the others. However, common themes are emerging from these studies, including the role of inflammatory responses following TBI.
OVERVIEW AND CONSIDERATIONS FOR PRECLINICAL MODELS OF TRAUMATIC BRAIN INJURY
Proteomic approaches are well suited for the identification of the mechanisms of injury of TBI and provide a strategy for identifying targets for novel treatments. Preclinical proteomic analysis of the effects of TBI depends on the characterization and validation of reproducible, clinically relevant models. Although rodent brains, unlike human brains, are not gyrencephalic, multiple preclinical rat and mouse models of TBI have been used, in large part because they are cost-effective in comparison with larger animal models. The most common and best characterized rodent models of TBI are fluid percussion injury, controlled cortical impact (CCI), weight drop, and blast-induced neurotrauma. Each of these models is similar to civilian or military TBI in at least some respects but, because human TBI is extremely heterogeneous, no model more than partially simulates clinical TBI.
When studying the proteomic effects of preclinical TBI or reviewing findings from others' laboratories, several questions should be considered. First, from what source was the sample derived? Peripheral blood samples suggest the possibility of biomarker identification, but the exact origin of a protein is unknowable. CSF contain proteins that are derived from brain tissue, but as with blood samples, the source is unknown. Second, if brain tissue was analyzed, was the tissue from the injury
KEY POINTS
Proteomic approaches are being used to analyze a diverse range of models/samples to elucidate TBI pathophysiology longitudinally.
Proteomics approaches can be used to identify potential therapeutics and better understand how therapeutics influence the proteome.
Potential protein biomarkers and pathological biochemical pathways are being elucidated for TBI.
Sets of protein biomarkers may be used to better classify TBI severity, injury type (focal or diffuse), and single vs. repetitive injury. 
OVERVIEW OF PROTEOMICS METHODS AND CAVEATS
In current practice, most mass spectrometry-based proteomics studies use a series of common steps as outlined below. Samples for analysis can come from diverse sources including blood, CSF, cultured cells, and intact tissues. Proteins are extracted from these biological sources, and total protein is quantified. Quantification is a critical step because the ensuing procedures have been optimized for a defined amount of protein and a consistent quantity of protein is critical for accurate measurement of changes in protein abundance among samples. Isolated proteins are then subjected to digestion using amino acid sequence-specific proteases, usually trypsin [11] . At this point, 'isobaric' reagents can be introduced which are stable isotope-containing molecules that can be used to chemically 'tag' peptides. Commonly used isobaric tags include both tandem mass tags and isobaric tags for relative and absolute quantitation reagents, and the use of these tags can allow simultaneous analysis of controls and experimental samples and provide relative quantification with high precision [12, 13] . Peptides can then be fractionated by liquid chromatography 'offline' or the peptides can be directly introduced into the mass spectrometer. Peptides are introduced into mass spectrometers as ions, and the masses of the peptide ions are determined. The peptides are then fragmented in the mass spectrometer and the masses of the resulting fragments determined. Upon the basis of the pattern of peptide fragments, the sequence of the original peptide can be established, and its identity confirmed via comparison to several databases (i.e., UniProt) [14] . The entire chromatography run can extend to hours with tens of thousands of mass spectra obtained. Data obtained from proteomic studies are a direct reflection of the starting material composition. Therefore, different brain regions within the brain have different ratios of cell types as well as different functions that result in differential protein expression profiles. This was eloquently illustrated by the study conducted by Sharma et al. [15] where they determined cell type-specific proteins as well as brain region-specific proteins in mouse brain. Finally, the most accepted secondary form of validation of proteomic findings is to use antibody-based assays including western blot and ELISA.
Once the original liquid chromatography-mass spectrometer data file has been obtained, various software approaches can be used to 'reassemble' the peptides into proteins. The 'quality' for each protein identification can be assessed based upon the number of unique peptides observed. The amount of each protein can be determined by the signal intensity of each peptide observed, and statistical approaches can then be applied to determine which changes in protein levels between experimental and control groups are significant [16] .
The endpoint of the initial study is a list of proteins and their relative abundances. Various bioinformatics approaches can then be applied to these lists, grouping proteins by gene ontology terms, interacting networks, and biochemical pathways [17, 18] . Upon the basis of the altered pathways or networks, inferences can be made as to the underlying pathophysiology created by a specific type of injury in a specific type of model.
A well-known problem with proteomics studies is for there to be a bias toward highly abundant proteins. Protein digestion of high-abundance proteins results in a greater number of digested peptides more quickly that drown out low-abundance peptides. There are strategies such as those developed by Fonslow et al. [19] to remove the high-abundance protein tryptic peptides to improve the identification of low-abundance proteins within a sample. Another potential issue that could bias the proteomic results is related to protein digestion. For example, membrane proteins require special solubilization techniques to release the integral proteins and allow for their digestion and identification [20] . Furthermore, TBI pathophysiology can lead to aggregation of proteins (i.e., tau) that can be a challenge to identify with standard protease methodologies. The highlighted study by Cherry et al. [9 && ] (later in this review) developed a strategy for analyzing the detergent-insoluble proteome to gain a more comprehensive understanding of the proteome alteration related to neurodegeneration.
PROGRESS PRIOR TO 2018
Ganau et al. (2018) Ganau et al. [21] provide a comprehensive summary of work prior to 2018. Their systematic review, which was completed in late 2017, emphasized applications of proteomic profiling to identify potential biosignatures for TBI.
PROGRESS TO DATE IN 2018
Ló pez-García et al. . This model was then used to screen a library of 3500 drugs, from which five were identified to be beneficial. Of these, the antibiotic rifampicin was identified as a neuroprotectant.
In the proteomics portion of this study, B35 rat neuroblastoma cells, either undifferentiated or differentiated were subjected to stretch injury. Proteins with either increased or decreased abundance were identified that were associated with either cell differentiation or in-vitro stretch injury or both (Table 2) . This approach can be used to identify and perhaps retask drugs for use in TBI and potentially to associate biochemical pathways with drug actions.
Cheng et al. (2018)
Using a combination of an in-vitro stretch model, a rat CCI model and CSF from TBI patients, Cheng et al. ] investigated the influence of hypothermia on response to TBI. The proteomics portion of this study involved an examination of the influence of hypothermia after CCI. Temperature modulation in sham rats alone and TBI resulted in the upregulation and downregulation of distinct sets of proteins. The Cheng group noted that CCI and 328C treatment reversed many of the observed protein changes seen in the CCI and 378C group. Gene ontology analysis of the proteins with altered abundance revealed differences between the CCI and 378C group vs. the CCI and 328C group (Table 2) .
Proteins were also examined in CSF samples from human TBI patients with mild (7), moderate (5), and severe (8) injury. Levels of plasminogen (PLG), antithrombin III (ATIII), fibrinogen gamma chain (FGG), and transthyretin increased with increasing injury magnitude. When measured at 3 days following injury, hypothermia resulted in lower levels of PLG, ATIII, FGG, and transthyretin. Among the proteins identified in the rat brain tissue and human CSF studies, FGG and PLG appear in both. The authors conclude that inconsistent results from prior hypothermia studies could result from the complexity of variables in TBI, and that combined proteomics and bioinformatics analysis of appropriate biomarkers might improve the selection of patients who would benefit from hypothermia therapy.
Song et al. (2018)
To examine the global proteome effects of repetitive TBI, Song et al. ] used a unique rat model of repetitive mild brain injury. The repetitive groups were impacted once per day for 3 consecutive days. Rats were sacrificed 1 day, 7 days, or 6 months following the final strike. Differentially expressed proteins were analyzed by gene ontology annotation (Table 2) . At 6 months after injury, two proteins, phosphodiesterase 10a (Pde10a) and guanine nucleotide binding protein subunit a (Gnal), were significantly unregulated in the repetitively injured group compared with the singly injured and sham groups. Both Pde10a and Gnal are proteins involved in cyclic adenosine monophosphate signaling and therefore involved in cell survival and inflammation. An important result of this study is that the levels of both Pde10a and Gnal were significantly elevated in the multiple injury vs. the single injury group 6 months after the initial injury.
Mattugini et al. (2018)
Mattugini et al. [4 && ] used a proteomics approach to examine differences in stab wound injury in the adult murine cerebral cortex. The focus of the study was to determine if damage resulting from injury to gray matter alone was different from gray matter extending into the underlying white matter 3 days post injury. Punch biopsies were obtained from the gray matter around the lesion site and from a corresponding contralateral site. Lists of proteins significantly different between the two hemispheres were obtained. After gray matter alone and gray matter and white matter injury, levels of glial acidic fibrillary protein and vimentin increased substantially as did proteins involved in blood coagulation (fibrinogen a chain, PLG, ATIII). A cluster of proteins and associated gene ontology terms increased in the gray matter and white matter group, as opposed to the gray matter alone group (Table 2 ). The authors concluded that there are profound differences resulting from damage to gray matter alone vs. damage to gray matter with white matter injury inducing reactive gliosis that contributes to scar formation and inhibits axonal regeneration. . For the proteomics portion of the study, samples were taken at only day 5 post injury. Proteins with significant changes were analyzed with respect to protein network interactions and gene ontology biological processes (Table 2) . Proteins associated with the gene ontology terms glycosaminoglycan synthesis and metabolic processes were found to be higher in the wild-type animals, consistent with the decreased extracellular matrix deposition and scar formation in the CCR2 -/-group after stab wound injury observed by immunohistochemical methods. This study demonstrates the important role of monocyte invasion and astrocyte proliferation in scar formation following TBI.
Weykamp et al. (2018)
Weykamp et al. [6 & ] studied the role of the antiepileptic agent, valproic acid (VPA), in modulating the proteome in a porcine model of TBI. In addition to acting as a g-aminobutyric acid channel modulator, VPA, at higher concentrations, acts as a histone deacetylase inhibitor. In their study, female Yorkshire swine received CCI and were simultaneously bled 40% of total blood volume to simulate hypovolemic shock that often accompanies TBI in both civilian and military trauma. Peripheral blood monocytic cells were collected at three time points; at baseline, 60 min after VPA infusion, and after resuscitation with normal saline infusion. A series of proteins were identified that distinguished the normal saline from the normal saline and VPA group, most of which were cytoplasmic structural proteins (Table 2 ). In the VPA-treated animals, proteins associated with cellular compromise were decreased and cellular survival were increased. The induction of VPA-mediated changes was too rapid to be explained by VPA-mediated changes in histone acetylation and transcriptional accessibility. Increases in protein acetylation were observed for histone H3, ras-related protein Rab-14, which is involved in endocytic transport and cell-cell adhesion, and rho guanosine nucleotide dissociation inhibitor, a rho signaling inhibitor. Potential limitations of this study include the small number of experimental animals, and the simultaneous induction of TBI and hemorrhagic shock. The extrapolation of the results obtained here in peripheral blood monocytic cells to neurons and astrocytes found in the brain awaits experimental validation.
Anada et al. (2018)
] proposed a panel of human serum protein biomarkers to measure the severity of TBI. Although patients with TBI are traditionally stratified based upon the Glasgow Coma Scale (GCS), the authors argued that the increased use prior to arrival at the hospital of intubation and sedation, would eliminate verbal responses and may eliminate eye opening (two of the three components of the GCS), impair assessment of patient status, and could increase the importance of serum biomarkers. Sera were pooled and on the basis of GCS at presentation, generated four groups; mild TBI (GCS: 13-15), moderate TBI (GCS: 9-12), severe TBI (GCS: 3-8), and control. A series of 10 secreted proteins were observed to increase in abundance (Table 2) . Increased levels of two proteins, serum amyloid-A and C-reactive protein, were confirmed by ELISA, however, neither protein is specific to TBI.
Overall, the authors showed that increased abundance of seven proteins were elevated in all TBI patients (Table 2) . Although individually, these proteins cannot be used as specific TBI biomarkers, collectively they suggest patterns that might distinguish mild, moderate, and severe TBI.
Manek et al. (2018)
This study examined exosomes, isolated from human CSF following TBI, using a proteomics approach [8 && ]. Exosomes or microvesicles/exosomes (MV/E) are released from brain cells during disease and injury. The MV/E contain products from damaged cells, including proteins. CSF was obtained from normal patients, TBI patients with GSC <8, and from the CSF drainage system in patients with severe blunt head trauma. The number of proteins in MV/E of trauma patients (466) was considerably larger than in human control samples (92). The MV/E from TBI CSF had several proteins not found in the controls, including cytoskeletal proteins, neurite outgrowth-related proteins, and vesicle membrane proteins. Intact spectrin and GFAP, as well as their corresponding breakdown products, and ubiquitin carboxyl terminal hydrolase L1 and Alix, were observed to increase substantially in the MV/E from TBI patients. The authors concluded that CSF from patients contained exosomes derived from multiple cell types in the brain, and that the analysis of these proteins, as well as their breakdown products could have important diagnostic value in TBI.
Cherry et al. (2018)
Cherry et al. [9 && ] examined detergent-insoluble proteins in postmortem brain tissue from patients with chronic traumatic encephalopathy (CTE). CTE is thought to result from repetitive head trauma, although specific underlying disease mechanisms are currently unknown. Patients diagnosed with CTE (11), Alzheimer's disease (8) , and control cases (6) were examined. A series of proteins were identified that distinguished CTE from control and Alzheimer's disease samples, and some proteins common to CTE and Alzheimer's disease were also observed. Among the proteins examined, seven were indicated as proteins of interest including NQO1 (Table 2 ). The NQO1 gene encodes the protein NAD(P)H dehydrogenase [quinone] 1. The increased abundance of NQO1 was confirmed using immunohistochemistry and its levels were shown to increase with increasing CTE stage. The increased abundance of NQO1 in CTE may suggest activation of a protective response to oxidative stress. It is currently unknown if the proteins extracted from detergent-insoluble precipitates are enzymatically active or if their association with hyperphosphorylated tau indicates they have become a component of pathological aggregates.
Hamdeh et al. (2018)
Hamdeh et al. [10 && ] focused on elucidating the differences between the focal and diffuse TBI proteome in 16 severe TBI patients presenting with a GSC score 8 (average 4.3). A unique aspect of this study was that brain samples were obtained from structurally normal-appearing (by imaging) frontal cortex obtained during insertion of an intracranial pressure (ICP) monitor. Control patients comprised a group of 11 idiopathic normal pressure hydrocephalus (iNPH) patients. Potentially limiting aspects of the study include small patient numbers, small tissue sample amounts, heterogeneity in age (17-83 for the TBI patients and 64-80 for the iNPH patients), and heterogeneity in mechanism of injury for the TBI patients, although most (69%) were injured in a motor vehicle accident. The majority of both TBI (75%) and idiopathic normal pressure hydrocephalus (iNHP) patients (64%) were men.
For the proteomics studies, brain biopsies were taken when the ICP monitor was inserted, between 3 and 175 h post injury. When results of protein levels from a series of six TBI patients, not otherwise distinguished as diffuse or focal TBI, were compared with the iNPH patients, a subset of the identified proteins was found to be altered in a statistically significant number of patients; several of which have been previously shown to be altered in both human and animal TBI proteomic studies (Table 2) .
In a second study, proteome differences were examined between patients with focal injury and diffuse axonal injury (DAI) for which several of the altered proteins were similar to those found in the previous comparison between TBI and iNPH controls. It is important to note that the samples in this study were obtained from normal-appearing cortical tissue at the location of the ICP monitor and at a distance from any radiologically apparent brain injury. In previous studies, tissues were obtained closer to the apparent site of injury. More than 20 proteins in the DAI group had altered abundance relative to the iNPH or focal injury groups, suggesting that DAI is associated with more widespread injury ( Table 2 ). The authors suggest that understanding the heterogeneity in injury among TBI patients has implications for individualized therapy for TBI patients. Further, the more widespread and complex alterations in the DAI patients are indicative of a secondary injury cascade that may be related mechanistically to the development of neurodegenerative disorders in TBI patients.
CONCLUSION
Proteomics has emerged as a sophisticated tool with applications in many human diseases, including cancer and neurodegeneration as well as TBI. The field of proteomics is maturing with evolving standards for sample preparation and data analysis that will make the results of such studies available for examination by a much broader range of investigators. Bioinformatics approaches for validation and comparison across multiple studies are in progress. The past year has shown that these methods can be applied in multiple experimental settings from in-vitro models to human studies to ask increasingly complex questions about critical variables in TBI. Although several consistent themes are emerging from these studies, in particular the role of inflammation in post-TBI injury, it is not yet possible to integrate these studies at the level of specific proteins. Future studies will create additional tools and data that will codify mechanistic details resulting in acute and chronic neurodegeneration and hopefully lead to improved methods for patient stratification and treatment methods and agents. 
